EXECUTIVE SUhlMARY
A study of mill tailings and sulfide minerals \vas carried out in order to understand their behavior under subaqueous conditions. A series of electrochemical experiments, narnelj', cyclic voltammetry, electrochemical impedance spectroscopy and galvanic coupling tests were carried out in artificial seawater and in pH 6.8 buffer solutions with chloride and ferric salts.
Two mill tailings samples, one fi-om the Kensington Mine, Alaska, and the other from the Holden Mine, Washington, were studied along virith pyrite, galena, chalcopyrite and copperactivated sphalerite. SEM analysis of mill tailings revealed absence of sulfide minerals from the Kensington Mine mill tailings, whereas the Holden Mine mill tailings contained approximately 8?40pyrite and 1!40 sphalerite. In order to conduct electrochemical tests, carbon matrix composite (CMC) electrodes of mill tailings, pyrite and galena were prepared and their feasibility was "established by conducting a series of cyclic voltammet~tests.
The cyclic voltammetry experiments carried out in artificial seawater and pH 6.8 buffer with chloride salts showed that chloride ions play an important role in the redox processes of sulfide minerals.
For pyrite and galena, peaks were observed for the formation of chloride complexes, whereas pitting behavior was observed for the CMC electrodes of the Kensington Mine mill tailings.
The electrochemical impedance spectroscopy conducted in artificial seawater provided with the Nyquist plots of pyrite and galena. The Nyquist plots of pyrite and galena exhibited an inert range of potential indicating a slower rate of leaching of sulfide minerals in marine environments.
The galvanic coupling experiments were earned out to stud>" the oxidation of sulfide minerals in the absence of oxygen. It (Fe3+) ions might oxidize the sulfide minerals, was shown that in the absence of oxygen, ferric thereby releasing undesirable oxidation products in the marine environment.
The source of Fes-ions may be attributed to iron-bearing sulfide (and oxide) minerals present in the mill tailings. However, the concentration of available Fe~-ions can be reduced by the precipitation of insoluble ferric hydroxides (Fe(OH )s) by sealvater due to its near neutral pH. In such case, the oxidation of a sulfide mineral is inhibited due to the absence of an oxidizing agent (viz. oxygen and'or Fe3+ ions) .
The experiments earned out in this study provided a better understanding of behavior of sulfide minerals and mill tailings in subaqueous conditions and may be useful for further investigation of sulfide minerals and mill tailings in other environments. In order to study the mill tailings, carbon matrix composite (CMC) electrodes of pyrite, galena and mill tailings were prepared. The electrodes were tested for three size classes (-106p, -1 50p+ 106 p, +150 p). The composition of constituents of the CMC electrodes was also varied in order to obtain reliable and sturdy electrodes. It was found that the middle size range (-150p+ 106 p) produced reliable electrodes while covering approximately 70?40of the disc face.
LIST OF TABLES
"The diameter of a CMC electrode was 6 mm and it was fitted in a rotating disc assembly for electrochemical studies. For further details on preparation of the CMC electrodes, please refer to publication by Yoon et al. (1995 Yoon et al. ( & 1996 . Similar electrodes were prepared for pyrite and pyrite ana galena were verlnea by prepared. Chalcopynte electrodes in diameter. A copper wire was an iridium solder and encapsulated galena. The validity and feasibility of the CMC electrodes of "' ' ' .-. , cyclic voltammetry as discussed later.
For galvanic coupling studies, solid electrodes were \vere prepared from specimens cut into cylinders of 6 mm attached to one end by means of a conducting carbon paste or with epoxy. The electrode was mounted in a glass tubing filled with epoxy, leaving one end of the cylindrical electrode exposed for contact~rith the solution.
The electrode surface was renewed by wet polishing (600 grit paper) and ultrasonic cleaning before each experiment. The surface was rinsed with double distilled de-ionized water between each step. After rinsing with double-distilled water, the electrode was placed in a deoxygenated pH 6.8 buffer solution in Cell 1 with the mineral surface facing down.
Due to its insulating nature, sphalerite electrode could not be fabricated in the same manner as with chalcopyrite. Therefore, a surface conducting (SC) electrode was fabricated. A sphalerite chunk with dimensions of 15 x 10 mm "wasmolded in a glass tube using epoxy resin.
A small hole was drilled along the edge of the mineral and a platinum wire was inserted through
Sphalerite has been using carbon paste it (see Figure 1 ). The platinum wire was bent at one end to ensure the electrical contact with the mineral surface, whereas the other end was connected with the copper wire. studied extensively at Center for Coal and Minerals Processing (CCMP) (Richardson, 1994) and CMC (Yoon et al., 1995 and . Preliminary studies with SC electrode showed that sphalerite behaved in a reamer similar to the carbon paste and the CMC electrodes (Chen, 1998; Chen and Yoon, 1999 a and b) . The mineral surface was renewed by cleaning in chloroform and cyanide follo~f$edby~vetpolishing (600 grit) and ultrasonic cleaning.
In order to conduct electrochemical studies, sphalerite needs to be activated because of its insulating nature. Therefore, the sphalerite electrode~vas activated in 10-4 M CUS04 solution at pH 4.6 for 30 minutes and placed in a galvanic cell for measurements.
z.? Solutions
Artificial seawater was prepared using Kester et al. (1967) formula as described by Bidwell and Spotte (1985) . The constituents are described in Table 1 . The resulting pH of artificial seawater was slightly acidic (pH 6.8-6.9). In order to study the effect of the major seawater constituents, studies were also conducted in pH 6.8 buffer solution, in which the individual components were added incrementally. The pH 6.8 buffer was prepared by mixing 6.8 g KH2POJ and 1 g of NaOH in one liter of double distilled water. It was observed from preliminary studies that chloride in seawater plays a significant role in "pyrite and galena. Therefore, electrochemical studies were carried out by 
Experimental Procedures
Cllclic Voltam m etn ...
A Pine RDE-4 bipotentiostat was used to conduct voltammetry. The electrode potentials were measured and controlled with respect to standard calomel reference electrode (SCE).
Cyclic voltammetry was carried out in artificial seawater and pH 6.8 buffer solution with NaCl and MgC12 added incrementally.
Electrochemical Inmedance Svectroscom*:
The impedance system consisted of a 5208 Lock-in Analyzer connected to a computer through a Model 273 Potentiostat, both manufactured by EG&G Princeton Applied Research. In order to obtain the impedance spectra over the entire frequency range of 10-2 to 105 Hz, singleand multiple-sine waveforms were employed: the former for the range of 5 to 100 KHz; the later for the range of 10-2to 6 Hz. The signal amplitude was -5 mV.
Galvanic Comlinp E.weriments: to measure the rest potentials. The Cell 1 was equipped with an optical window to enable contact angle measurements. The measured potentials were converted to the standard hydrogen electrode (SHE) scale, taking the potential of the SCE to be 0.2451' against SHE.
As a mean of determining the extent of oxidation, xanthate was used as an adsorbing reagent surface mineral and the contact angles were measured. The electrodes were used in such a way that the to be studied was facing downward. Small nitrogen bubbles were generated on the surface using a syringe whose needle was bent upwards. The contact angles were measured through aqueous phase using Rame Hart goniorneter. The values reported are the ..,. --.
average of 3-5 different measurements done on the same mineral surface under the same conditions. The error for contact angle measurements was approximately +2('.
RESULTS
3.1 SEM Analvsis: Table 2 shows the SEM analysis of mill tailings using Stereoscan 120 (Cambridge Instruments) SENVEDX analyzer. As it can be seen from Table 2 , the Kensington Mine mill tailings contain albite, mica and quartz as the major components, but no reactive sulfide minerals. This is due to the fact that the mill tailings were de-pyritized by the Spokane Research Center using flotation. On the other hand, the Holden Mine mill tailings contain quartz and plagioclase as the major components with pyrite (-8Yo) and sphalerite (-1 '%0)as the reactive sulfide minerals. Figure 3 shows the cyclic voltammogram of pyrite in artificial seawater (pH 6.8-6.9).
Cy clic Voltammetnc m
The vohammogram exhibits characteristic anodic (Al, A2, A3 and A4) and cathodic (C2 and C3) peaks of pyrite. The redox processes representing these peaks with reversible potentials at pH 6.8 can be described as (Pritzker et al., 1984; Zhu et al., 1991) : [2]
[3]
[4]
where sulfoxy ions (SZOYZ-) are further oxidized to sulfate ions (SO~~-). The iron produced during reduction processes is oxidized in the fonvard sweep (peak Al ).
Due to the high concentration of chloride ions ([Cl-] = 0.55), some of the ferric hydroxide (FeOH3) is converted to ferric chloride (FeCl:). Since this is a substitution process. \vhich doesn't involve electrons, a peak is not visible on the voltammograrn. However, it is evident from the presence of additional cathodic peak. \vhich might be due to the reduction of FeCl: to ferrous chloride (FeC12) as follows:
cl:
FeCIJ + e S FeC12 + Cl-EO= 0.770 V, E, = 0.780 V [7] In order to study the role of chloride ions, voltammetry was conducted in pH 6.8 buffer solution. Figure 4 shows the voltammogram in pH 6.8 buffer (solid line), where it can be seen that the cathodic peak Cl is missing in the buffer alone, whereas other peaks are present. After the addition of chloride ions, the cathodic peak Cl re-appears (dotted lines). Therefore, it can be inferred that chloride ions in the seawater play a role in the redox process of sulfide minerals. of galena. In addition to these peaks, there exists an additional anodic peak (A2 ). which is due to the oxidation of galena to lead chloride. The reactions detailing these peaks are as follo~vs (Richardson and Maust, 1976; Gardner and Woods, 1979; Pritzker, et al., 1984) : cl: So -2H-+ 2e~HZS EO=0.144V, E,=-0.257V [12] c~: Reverse of Al . At higher oxidation potential, elemental sulfur is further oxidized to sulfoxy and sulfate species. The lead chloride formed is highly insoluble and diffuses away from the surface.
Therefore a peak corresponding to its reduction is absent fi-om the voltammogram.
In order to study the effect of chloride ions, the voltammetry was carried out in pH 6.8 buffer (solid line in Figure 7 ). It can be seen from Figure 7 that the peak due to the formation of lead chloride is absent in buffer alone and appears when NaCl and MgC12 are added.
Kensinwon Mine Mill Tailings:
Figures 8 and 9 show the cyclic voltammogram of the CMC electrodes of the Kensington Mine mill tailings in artificial seawater and pH 6.8 buffer (with incremental addition of chloride salts), respectively. Due to the lack of any reactive sulfide minerals in the Kensington Mine mill tailings, no significant peak is observed. The voltammogram in buffer solution ( Figure 9 ) sho~vs that there exists an anodic peak when NaCl is added to the buffer solution. This may be due to the pitting of the CMC electrode, as observed in corrosion process. This process represents physical alteration of the electrode surface rather than a redox process at that potential. Also, it can be seen that after addition of MgClz in the solution. the pitting beha~.ior is quantitati~.ely reduced. This indicates that the pitting effect may be due to Kaz-ions, rather than due to chloride ions.
Holde)j A4ine
Mill Tailings: Figure 10 shows the cyclic voltammogram of the Holden Mine mill tailings in artificial seawater. Due to the presence of small amount of reacti~re sulfides, viz. pyrite (-8%) and sphalerite (-10/0), there exists an anodic peak at about 250 mV. This peak may be characterized as:
The product, ferrous chloride, is highly soluble and therefore, a reverse cathodic peak is not observed. The oxidation of sulfide by chloride ions was further verified by cyclic voltammetry in pH 6.8 buffer solution (Figure 11 ). In the absence of chloride ions (solid lines), the area of the peak is comparatively smaller and the anodic process may characterized as:
FeS2 + 3H20~Fe(OH)3 + 2S0 + 3H+ + 2e, EO= 0.628 V, Q = 0.227 V [14]
After adding chloride ions in the solution, the area under this peak increases quantitatively.
Under these solution conditions, the peak may be represented by ferrous chloride formation (superimposed with hydroxide formation).
3.3 Electrochemical Im~edance S~ectrosco~v: Figure 12 shows the complex plane impedance spectra, also know as Nyquist plots, for CMC electrodes of pyrite in artificial seawater. As it can be from Figure 12 , pyrite exhibits nearly linear spectra over a range of-600 mV through 650 mV (SHE). A straight line, which is equivalent to a large semicircle with infinite diameter, represents a ve~high polarization resistance to the redox process. In other words, a straight line represents the slower rate of the redox process. Therefore, it indicates that the oxidation and the reduction of pyrite in this range (about 1.2 V) is slow thereby indicating slower leaching of pyrite from the mill tailings.
At strong oxidizing and reducing potentials, the \-yquist plots take a regular semicircle shape with a finite diameter, Rp. The polarization resistance decreases with increasing oxidizing (more positive) or reducing (more negative) potentials. This indicates the higher rate of redox processes and therefore, the higher rate of leaching. Figure 13 shows the Nyquist plots for galena in artificial seawater, where it can be obsen"ed that galena exhibits nearly inert behavior in the range of 50 mV through 250 mV. This indicates that the range for slower redox reactions for galena is much narrower compared to that for pyrite. This may be due to the enhanced leaching of galena due to the formation of soluble lead-chlorocomplexes at high "3.4 Galvanic Cout)lin~:
(>0.2 M) chloride concentrations (Fuerstenau et al, 1986 ).
The previous studies done at CCMP have shown that despite low levels of oxygen in the flotation pulps, minerals were sufficiently oxidized and readily floatable. The chemical analysis of the flotation pulps revealed the presence of iron, which may act as an oxidizing agent in the absence of oxygen. The iron can be present due to dissolution of iron-bearing sulfide minerals such as pyrite, marcasite and pyrrhotite. Therefore, galvanic coupling experiments were conducted in order to study the oxidation of sulfide minerals in the absence of oxygen.
As described in experimental section, sphalerite electrode~vas activated in 104 M CUS04 solution (pH 4.6) for 30 minutes. After activation, the electrode \vas rinsed and placed in Cell 1 of the galvanic were measured cell containing 10-J M KEX at pH 6.8. The rest potential and the contact angle to be 165 nlV and 15°, respecti~'ely. The mineral electrode was connected to the platinum electrode in Cell 2 containing deoxygenated pH 6.8 buffer solution. Figure 14 shows rest potentials, contact angles and the galvanic current after both the electrodes were connected.
hnmediately after the electrodes were connected, the ammeter sho~ved no current indicating that no galvanic interactions were taking place between activated sphalente and the platinum electrode in the absence of oxygen. The rest potential and the contact angle remained unchanged (165 mV and 15°, respectively), further indicating the absence of galvanic interaction.
When 10-d M FeC12 was added to Cell 2 containing pH 6.8 buffer solution, a small galvanic current was observed, but the mixed potential and contact angle remained unchanged ( Figure 14) . A small current indicates a galvanic interaction between two electrodes, but to a smaller extent due to smaller Fe3+ ion concentration at pH 6.8. Therefore, when pH was incrementally reduced to 3.2 and 2 respectively, larger galvanic currents were observed with substantial change in the rest potential and the contact angle. This indicates galvanic interaction between activated sphalerite and platinum elect~odes involving reduction of Fe3+ ions as follows:
Fe3+ + e + Fe2+ [15] coupled with oxidation of mineral and adsorption of xanthate:
The activation product was assumed to be CuS-like, as shown by Yoon and his co-workers (Kartio et al., 1996; Yoon and Chen, 1996; Chen and Yoon, 1997, 1999a& b) . Table 3 shows the effect of concentration of Fe3+ ions in deoxygenated pH 2 buffer solution in Cell 2, whereas Cell 1 contained copper-activated sphalente in 104 M ICEX solution at pH 6.8. It can be observed from the values in Table 3 that the increasing concentration of Fe3+ ions increases both the mixed potential and the contact angle, which indicates the increased oxidation of the mineral. ,
chulco=n>v-ite:
Similar experiments were conducted on chalcopyrite as it is a source of iron in the solution and may oxidize itself and other sulfides, even in the absence of oxygen. Figure 15 shows the rest potentials and the contact angles of chalcopynte when galvanically connected to the platinum electrode in Cell 2 with and without FeJ-ions.
As it can be seen from Figure 15 , both the potential and the contact angle increased with addition of Fe3+ ions and decrease in pH. This indicates the oxidation of mineral due to Fe3+ ions in the absence of oxygen. 
